In spite of the published claims to the contrary, Paracoccus denitrificans was shown to contain a heme derivative, virtually indistinguishable from the Escherichia coli heme O on the basis of the reverse-phase high-performance liquid chromatography and MALDI-TOF mass spectrometry analyses. Aeration of the anoxically grown culture resulted in the disappearance of a significant portion of this compound with concomitant build-up of heme A. ß
Introduction
The ¢rst member of the`cytochrome o' terminal oxidases was reported in 1953 for Staphylococcus aureus as a carbon monoxide-binding pigment with an absorption maximum at 416 nm and trough at 432 nm [1, 2] . Since then, a wide distribution of similar enzymes in bacteria has become evident and some of them have been puri¢ed extensively [3^8] .`Cytochromes o' have been considered to carry protoheme IX for a long time, but Puustinen and Wikstro « m [9] found in 1991 that the enzyme from Escherichia coli contains a novel species, heme O, a protoheme IX derivative which has a 2-hydroxyethylfarnesyl group instead of the vinyl group at the pyrrole ring A. The highly hydrophobic nature of heme O due to the long hydroxyalkyl side chain allows its ready determination in the presence of other hemes by reverse-phase high-performance liquid chromatography [9, 10] .
Even the early studies on the strictly respiring`mitochondrion-like' bacterium Paracoccus denitri¢cans revealed the characteristic signature of`cytochrome o' [111 3] . It has been demonstrated that the amount of this compound increases when cells are adapted to anoxic (denitrifying) growth conditions [12] . In our hands, for example, it ranged from 40 to 160 nmol per g dry weight in relation to the percentage of oxygen in the sparging gas (from 20 to 0%) [14] . Genetic experiments have suggested that P. denitri¢cans possesses three distinct terminal oxidases, each of which is capable of sustaining oxic growth [15] . Apart from the well-characterized cytochrome c oxidase of the cytochrome aa 3 type [16] there exist a quinol oxidase and an additional cytochrome c oxidase. The former enzyme was puri¢ed from the cytoplasmic membrane of a bc 1 -negative mutant strain and identi¢ed as a cytochrome ba 3 according to its heme composition and CO binding properties [17] . The alternative cytochrome c oxidase di¡ers from cytochrome aa 3 by being less sensitive to cyanide [14] . The puri¢ed enzyme contained hemes B and C; gene sequence analysis led to the designation cytochrome cbb 3 by analogy with a relative oxidase from Bradyrhizobium japonicum [15, 18] . An apparent discrepancy between the published composition of the P. denitri¢cans terminal oxidases, which does not include heme O, and earlier ¢ndings concerning cytochrome o' in this bacterium, prompted us to undertake a search for heme O in acetone extracts from the cells.
Materials and methods

Culture techniques
P. denitri¢cans was obtained from the Czech Collection of Microorganisms as CCM 982 and grown anoxically at 30³C for 22 h in 1-l batch cultures on the minimal medium composed of (in mM): sodium succinate (50), KNO 3 (10), KH 2 PO 4 (30), Na 2 HPO 4 (15), NH 4 Cl (30), MgSO 4 (1), Na 2 MoO 4 (0.6) and ferric citrate (0.03) (pH 7.3). The anoxic-to-oxic shift was achieved by use of the vigorously shaken 500-ml Erlenmayer £asks containing 50 ml of culture medium without nitrate and molybdate. The anoxically grown cells were introduced at initial concentrations of 1 mg dry weight per ml. Individual £asks were taken out at 30-min intervals, cooled, the cells were collected by centrifugation and analyzed for heme content. E. coli SM10 was grown oxically at 30³C in a casamino acid and D,L-lactate medium [19] and harvested in the early exponential phase.
Extraction of hemes
The samples containing heme(s) were processed by a previously described [20] modi¢cation of the original method of Weinstein and Beale [21] . The suspension of cells was extracted by adding 10 vol. of cold acetone/ HCl solution, hemes were transferred into diethyl ether, evaporated to dryness and, for injection into HPLC, redissolved in a little volume (50^100 Wl) of the mobile phase.
HPLC analysis
The HPLC system consisted of a high-pressure pump LCP 4000 and controller (Ecom, CR), a C18 reverse-phase column (150U3.3 mm; 5-Wm particle size), and a LC-55B UV/VIS detector (Perkin-Elmer, USA). Separation was performed using isocratic elution with ethanol/acetic acid/water (70:17:13, v/v). Hemes were detected by monitoring at the A 398 , the data were analyzed with a CSW 1.6 chromatographic station (Ecom, CR). The following external standards were used: heme A extracted from bovine heart mitochondria, heme O extracted from E. coli and protoheme IX obtained from Sigma. When required, heme fractions were collected individually at the detector outlet and vacuum dried.
MALDI analysis
The dried-droplet sample preparation technique [22] was applied by using a saturated solution of sinapinic (3,5-dimethoxy-4-hydroxycinnamic) acid in 60% acetonitrile/ 0.1% aqueous tri£uoroacetic acid. A 0.8-Wl amount of this solution was mixed with 0.8 Wl of the heme sample dissolved in the mobile phase, deposited onto a target well and allowed to dry at a room temperature. The MALDI-TOF mass spectra were obtained on a Shimadzu-Kratos Kompact MALDI IV instrument (Kratos, UK) equipped with N 2 laser (337 nm, pulse width 3 ns) and 1-m £ight tube. The re£ectron mode and ion acceleration voltage of 20 kV was used; the spectra are averages of 50 laser shots.
Results
We took advantage of a high level of`cytochrome o' in anoxically grown cultures and used this type of cells as a starting material for extraction. Fractionation of the extract on a C18 reversed phase column yielded three heme peaks located by measuring the absorbance in the Soret region (Fig. 1) . Considering the hydrophobicity of the extractable hemes in the order heme B 6 heme A 6 heme O, the ¢rst, second and third peak was assumed to contain heme B, A and O, respectively. The validity of this assignment was con¢rmed by comparison of retention times and visible spectra, obtained after HPLC analysis, with standards (not shown) and further corroborated by mass spec- trometry. The MALDI-TOF mass spectrum of the third subfraction (Fig. 2) showed a peak at m/z 841.2, which is close to that of the authentic heme O obtained E. coli (m/z, 841.6), and agrees with the value calculated from the formula (839). The di¡erences between these values are well within the expected experimental error þ 1.7 Da for this mass range, taking into account the fact that pseudomolecular [M+1] ions are produced under MALDI conditions used.
To determine if the`cytochrome o' levels seen at di¡er-ent oxygen tensions were related to heme O content, we looked at the time course of heme composition of the cells during the anoxic-to-oxic switch. The data presented in Fig. 3 demonstrate a decrease in heme O paralleled by an increase in heme A. Similar results were obtained with 2 mM chloramphenicol in the suspending medium (not shown), indicating that the involved enzyme(s) did not have to be synthesized de novo after the ¢rst exposition of the anoxically grown cells to oxygen.
Discussion
The results reported here contradict the previously accepted view that P. denitri¢cans cells contain no detectable heme O [15, 23] . One possible reason for our predecessors' failure to detect heme O is that they may have worked with highly aerated cultures whose heme O content is very low; alternative explanations include di¡erences in handling samples during extraction and intrinsic strain di¡erences.
Two possibilities may be considered with respect to the physiological signi¢cance of heme O in P. denitri¢cans. (1) It may merely function as a free intermediate in the heme A biosynthesis. Providing that the reaction sequence is protoheme IXCheme OCheme A, i.e. the same as originally suggested for Bacillus subtilis [24] , su¤ciently decreased aeration of the culture will slow-down the second (oxygenase) step and bring about heme O accumulation. Similar kinetic reasoning was already been applied to account for the increased heme O content under oxygen limitation in cyanobacteria [25] . A support for the occurrence of the above biosynthetic sequence in P. denitri¢cans comes from the identi¢cation of the ctaB/orf1 [26] gene which is homologous to E. coli cyoE coding for a heme B hydroxyethyl farnesylase [27] . (2) A fraction of heme O may be incorporated into the heme sites of terminal oxidases in a manner similar to that reported for other bacteria [10,28^30] or cyanobacteria [31] . This would contribute to the characteristic`cytochrome o' features in the COdi¡erence spectra of anoxically grown cells. In fact, marked exchangeability of hemes A and O has been described recently for a mutated P. denitri¢cans cytochrome c oxidase [32] .
At this stage of research, the observed heme composi- tion of P. denitri¢cans cells (Fig. 1A) is compatible with either of the above-described possibilities. Further work is needed to discriminate between them through a detailed comparative study of heme O distribution among individual membrane constituents.
